When cell lines are held in a quiescent state after irradiation, survival rates are greater than those from cells that are stimulated to grow immediately after irradiation. These differences in survival rates correspond to rates of potentially lethal damage repair. The effects of confluent holding recovery after γ -irradiation were investigated using normal human fibroblasts (AG1522) and ataxia telangiectasia fibroblasts (GM02052). Calyculin-A-induced premature chromosome condensation and fluorescent in situ hybridization were applied to study G2/M chromosomal aberrations. Survival results indicated normal capacity for PLDR in AG1522 cells but that PLDR was extremely compromised in GM02052 cells. The chromosomal aberration frequency decreased when AG1522 cells were allowed to repair for 24-h, whereas 24-hour incubation had little effect on the aberration frequency in GM02052 cells. Since the main mechanism for dsbs repair during G0/G1 phases of the cells cycle involve the non-homologous end-joining (NHEJ) process, our study indicates that for AG1522 cells the NHEJ repair process is more likely to induce accurate chromosome repair under quiescent G0 conditions than proliferating G1 phase, while in GM02052 cells the fidelity of NHEJ is similarly defective at either cell cycle phase. Reduced fidelity of NHEJ may be responsible for PLDR defect and its hyper-radiosensitivity in A-T cells.
INTRODUCTION
A-T (Ataxia Telangiectasia) is a rare human genetic disorder characterized by neurologic degeneration, immune dysfunction, genomic instability, and high rates of cancer incidence. 1, 2) A-T cell lines exhibit abnormal responses to agents that induce DNA double strand breaks, 3) including a pronounced sensitivity to ionizing radiation. 4) The diverse clinical features in individuals affected by A-T and the complex cellular phenotypes are all linked to the functional inactivation of a single gene (A-T mutated). 5) Although the underlying reason for A-T cell hyper-radiosensitivity remains unclear, the most commonly accepted explanation seems to be the loss of cell cycle checkpoint control. Ionizing radiation induces G1 cell-cycle arrest in cells, and this arrest is believed to allow the cell time to repair critical DNA damage before DNA synthesis occurs. 6 ) Irradiated A-T cells, however, do not undergo an appropriate arrest at the G1/S boundary, [6] [7] [8] [9] [10] resulting in more genomic damage. DNA synthesis without adequate G1 arrest is referred to as radiation-resistant DNA synthesis (RDS).
However, loss of cell cycle checkpoint control cannot account for certain phenotypes of A-T cell hyper radiosensitivity. The repair of potentially lethal damage (PLDR) can be enhanced when cells are held in a quiescent phase (G0) for several hours after irradiation and this results in enhanced survival rates compared with cells that are allowed to proliferate immediately after exposure. It has been shown that A-T cells can join most dsbs during 24-h repair. It follows that if radiation-resistant DNA synthesis was in fact the mechanism involved in A-T cell hyper radiosensitivity immediately after irradiation, then A-T cells that are allowed to repair for 24-h would be expected to show more resistance to radiation in comparison to cells that are stimulated to grow immediately after irradiation. However, rates of cell survival in A-T cells are similar after quiescent and proliferating conditions, [11] [12] [13] [14] [15] suggesting that loss of cell cycle checkpoint control or so called radiation-resistant DNA synthesis is probably not responsible for hyper-radiosensitivity of quiescent G0 A-T cells. Another method of assessing DNA repair utilizes premature chromosome condensation (PCC), a technique in which the interphase chromosomes can be condensed and be visualized by fusing interphase cells with mitotic cells. [16] [17] [18] Using this technique, Cornforth and Bedford 18) showed that the rejoining kinetics in A-T cells is similar to that in normal cells, but the fractions of unrejoined prematurely condensed chromosomal breaks were five to six times higher in A-T cells than in normal cells after 6 Gy of X-irradiation. Therefore another mechanism must be responsible for A-T cell hyper radiosensitivity that is also valid for both quiescent and proliferating cells.
In the present study, we have investigated the mechanism involved in A-T cell hyper-radiosensitivity, in comparison to PLDR mechanism in normal cells. To achieve this aim, we have measured the cellular radiosensitivity using a colony assay and assessed chromosome aberrations using FISH (fluorescence in situ hybridization) technique.
MATERIALS AND METHODS

Cell lines and irradiation
AG1522 cell line, a normal human fibroblast culture derived from foreskins of 3-day-old male, was obtained from the NIA Aging Cell Repository and was used at passages 10-13. AG1522 cells were grown in α -minimum essential medium with 10% newborn calf serum. GM02052 cell line, ATM -deficient fibroblast culture derived from 15-year-female, was obtained from the NIGMS Human Genetic Mutant Cell Repository. Low passage GM02052 cells were grown in minimum essential medium with 15% fetal bovine serum. Cells were plated in T-25 flasks at 25% confluence and grown for 5-9 days before being irradiated in the confluent state. Flow cytometry revealed that at the time of exposure more than 93% of the population was in G0/G1 phase. Contact-inhibited cells were irradiated with γ rays using a 137 Cs source with a dose rate of around 5 Gy/min.
Cell Survival
Cell survival was measured from the frequency of colony formation. Immediately after γ -irradiation, cells were trypsinized and different numbers of cells, depending on irradiation doses, were plated onto 100-mm-diameter plastic dishes. The concentration of cells in the suspension was measured using a Coulter counter. Repair of potentially lethal damage was assessed by incubating cells for 24 hours at 37 ° C after irradiation, before plating cells in proliferating condition. For both experiments, cells were incubated for 14 days at 37 ° C and then colonies were fixed with 100% methanol and stained with crystal violet. Survival was assessed by counting colonies containing at least 50 cells.
Premature chromosome condensation (PCC)
A chemically induced PCC technique was employed to collect G2/M phase chromosomes. [19] [20] [21] Briefly, after exposure of quiescent cells to γ -rays, cells were transferred from a T-25 flask to a T-75 flask either immediately after irradiation (PLD condition) or after incubation for 24-h (PLDR condition). Colcemid (0.05 µ g/ml) was added to the medium 18-h after the subculture to increase the frequency of mitotic cells. After further incubation at 37 ° C, calyculin-A (Wako Chemicals, Japan; stock 0.1 mM in ethanol, stored at -20 ° C, Final concentration: 50 nM) was added and the G2 chromosomes were condensed by incubating cells for 30 min at 37 ° C. The index of G2/M chromosomes was determined using the equation below for different incubation times.
(Number of G2-and M-phase cells)/ (total cells observed) x 100 (%)
The optimal collection time for the first cell-cycle postirradiation G2-and mitotic cells was determined from the G2 and M (G2/M) index curve generated from cells collected at various incubation times.
FISH painting
After treatment with calyculin-A, cells were transferred to a tube and centrifuged for 5 min at 2000 rpm. The pellet was carefully resuspended in 8 ml of 75 mM KCl then incubated at 37 ° C. After 20 min, 2 ml of freshly prepared fixative solution (methanol: glacial acetic acid = 3: 1 vol./vol.) was slowly added to the solution, and the tubes were centrifuged again. A final wash and fixation in fresh fixative was completed before dropping cells onto a glass slide. Cells were aged overnight at 37 ° C on a slide warmer and then hybridized in situ with fluorescent DNA whole probes 1 and 3 (Vysis, USA). Cells were counterstained with DAPI and chromosome aberrations were viewed with a Zeiss Axioskop fluorescence microscope. Chromosomes were analyzed using FISH in one sample of cells irradiated with each dose. The fraction of aberrant cells, which gives a direct measurement of the extent of chromosome damage, was calculated as the ratio of the number of cells containing one or more aberration involving chromosomes 1 and/or 3 and the total number of cells scored, which ranged from 200 to 1000.
Classification of aberrations
Aberrations in painted chromosomes were classified as a) simple-type reciprocal exchanges (two bi-color chromosomes including dicentrics and reciprocal exchanges), b) deletions or c) visible complex-type chromosomal exchanges, defined as 'exchanges involving three or more breaks in two or more chromosomes. 22) Terminal deletions, interstitial deletions, and rings were included in the same category as deletions. Incomplete interchanges were pooled in the category of reciprocal exchanges, assuming that in most cases the reciprocal exchange was not visible. 23, 24) Figure 1 shows the index of prematurely condensed G2-and mitotic chromosomes in non-irradiated and 6 Gy irradiated samples plotted against incubation time after subculture. For non-irradiated AG1522 and GM02052 cells, the index peaked at 24-h after plating, and then decreased with incubation time. GM02052 cells showed a similar trend in cell cycle progression for immediate and delayed plated cells following 6 Gy irradiation, although the peak of about 15% occurred 12-h later than in non-irradiated samples. On the other hand, AG1522 cells showed a different cell cycle progression pattern for immediate and delayed plating. When AG1522 cells were allowed to repair, the index peaked (10%) at 36-h, similar to GM02052 cells. However, when AG1522 cells were subcultured immediately after irradiation, the peak occurred 6-h later than that of delayed plating. Furthermore, the peak index value was much lower (2.6%) compared to that of delayed plated cells. Figure 2 shows the results of dose-survival responses of AG1522 cells and GM02052 cells, that were either plated immediately (IP) or 24-h after irradiation (DP). The curve for AG1522 cells has a distinct shoulder region, while that of GM02052 is linear and shows marked γ -ray sensitivity compared to AG1522 cells, which indicates that AG1522 cells are capable of repairing substantial PLD, whereas little PLD repair occurs in GM02052 cells. Due to PLDR defect, the difference in radiosensitivity was maximized when two cell lines were allowed to repair before subculture. Figure 3 shows dose-response curves for the induction of different types of chromosome aberrations in GM02052 and AG1522 cells. In GM02052 cells, the fraction of cells with damage to chromosomes 1 and/or 3 increased with increasing doses; 30% of the cells after 1 Gy, and around 80% after 4 Gy. Although a slight decrease in the frequency of deletions was observed in GM02052 cells after 24-h repair, the frequencies of aberrant cells, reciprocal exchanges, and complex exchanges were similar for immediate plating and plating after 24-h repair conditions. In contrast, the percentage of AG1522 cells with damage to chromosome 1 and/or 3 decreased to around half when cells were allowed to repair for 24-hours before plating in comparison to yields in cells plated immediately after exposure. After 6 Gy, the percentage of aberrant AG1522 cells was 57% and 35%, for imme- Fig. 3 . Dose response for the induction of aberrant cell percentage, deletions, reciprocal exchages and complex type exchanges in AG1522 and GM02052 cells exposed to γ -rays. Irradiated cells were subcultured and plated for chromosomal analysis either immediately ( , AG1522; , GM02052), or after 24-h delay at 37 ° C ( , AG1522; , GM02052). Bars are the standard error of the mean value. diate and delayed plating, respectively. A similar trend was observed in the frequencies of deletions and reciprocal exchanges. The yield of complex-type exchanges showed the most significant reduction with delayed plating in AG1522 cells. For example, at 6 Gy the frequency of complex exchanges was 0.1 / cell for immediate and 0.01 / cell for delayed plating, respectively. Figure 4 shows the relationship between survival and the percentage of aberrant cells. A good correlation was detected between cell death and the percentage of aberrant cells, regardless of the cell type or plating condition. A linear regression analysis resulted in a regression line with a slope of -0.072 (log surviving fraction per percent aberrant cells) and r = 0. 92. We have also investigated the relationship between cell survival and the number of color-junctions per cell for various dose points (Fig. 5) . Since formation of color-junctions results from a misrejoining of two different broken chromosomes and can be easily scored, we selected this simple parameter as representing the yield of misrejoining and investigated its relationship with cell survival. At the similar survival rate, where both cell lines have the similar percentage of aberrant cells, around three times higher frequency of color-junction was observed in AG1522 cells than in GM02052 cells.
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DISCUSSION
In the present study, we used chemically induced PCC technique combined with FISH painting to investigate the mechanisms of A-T cell hyper-radiosensitivity and potentially lethal damage repair (PLDR). Overall, our results show that the frequencies of chromosome aberrations such as deletions, reciprocal exchanges, and complex exchanges were much higher in A-T cells than in normal cells that received the same radiation dose. The higher induction of radiation-induced chromosomal aberrations in A-T compared with normal cells is well-known phenomena. However, the nature of chromosomal aberrations relating to A-T cell hyper-radiosensitivity is still controversial.
Martin and co-workers, 25) using M-FISH in conjunction with a pantelomeric probe, investigated rejoining patterns and telomere status of radiation-induced chromosomal breaks in A-T and normal lymphoblastoid cells. In contrast to our results, they showed A-T cells had a much higher frequency of unrepaired damage, mostly terminal deletions, and a lower frequency of exchanges (dicentric chromosomes and translocations) than the normal control. They concluded that the unrejoined chromosomal breaks, and not the misrejoined breaks, are associated with A-T cell hyper-radiosensitivity. Loucas and Cornforth, 26) using the same technique, quantified misrejoined breakpoints by measuring simple and complex type chromosome exchanges in addition to unrejoined breakpoints from terminal deletions and deletions associated with incomplete exchanges after 137 Cs γ -ray exposures. For each of these endpoints the frequency of damage per unit dose was much higher in A-T than in normal fibroblast cells. However the proportion of total breaks that remained unrejoined and the relative contribution from com- plex exchange was similar for doses that resulted in approximately the same level of breaks, i.e., the nature of chromosomal damage in A-T cells was similar to that of normal cells that simply received a higher dose. In the present study, we found that AG1522 and GM02052 cells with similar survival rates contained a similar percentage of aberrant cells, but that the frequency of misrejoined breaks in AG1522 cell was three times higher than that of GM02052 cell (Fig. 5) . For example, 6 Gy and 1 Gy doses yielded around 15% survival in AG1522 cells and GM02052 cells respectively after delayed plating, and after those exposures 35% of AG1522 cells and 32% of GM02052 cells contained aberrations. However, the yield of color-junctions per cell was 0.48 for AG1522 cells and 0.14 for GM02052 cells (Fig. 5) . In addition, the frequency of reciprocal exchanges was higher in AG1522 than in GM02052 at these given doses (see Fig. 3 ). In contrast, the frequency of deletions per cell was around 0.29 for GM02052 cells and 0.11 for AG1522 cells, respectively (Fig. 3) . The same trend holds for other doses that resulted similar survival rates. These results strongly suggest that misrejoined breaks are mainly involved in AG1522 cell lethality, whereas both misrejoined and unrejoined breaks are involved in GM02052 cell lethality, when compared at the similar survival rate. In our study, terminal deletions (true unrejoined breaks), interstitial deletions, and rings (intrachromosomal exchanges; misrejoined breaks) were included in the same category as "deletions", and it is possible that this may result in an underestimation of the yield of misrejoining. If this is in fact the case, a higher induction of misrejoined breaks may be important factor determining A-T cell hyper-radiosensitivity.
Chromosomal aberration data have also provided useful information concerning mechanisms involved in substantial PLDR in normal cells and PLDR defects in A-T cells. Incubating AG1522 cells for 24-h after exposure under quiescent G0 conditions reduced reciprocal exchanges, deletions, and aberrant cells to a half the values obtained when cells were plated immediately after exposure, whereas 24-h incubation had little effect on the extremely high yield of deletions and misrejoining seen in GM02052 cells. Interestingly, 24-h repair markedly reduced the yield of complex type exchanges in AG1522 cells compared to immediate plating. The enhanced cell survival of normal fibroblasts after post-irradiation incubation under quiescent condition is due to enhanced repair fidelity and efficiency relative to proliferating condition. These results are in agreement with a study by Frankenberg-Schwager and co-workers 27) using a plasmid mediated assay in yeast cells, where enhanced fidelity of dsbs rejoining was reported under non-growth condition compared with actively growing cells.
It is known that cells in G0, G1 or early S cell cycle phases repair dsbs using the NHEJ process. 28, 29) Since this pathway is error-prone and often causes deletions or insertions in the rejoined DNA, assessment of both repair efficiency and fidelity is crucial in the study of the NHEJ process. Foray and co-workers, 30) using pulsed-field gel electrophoresis (PFGE), reported that quiescent A-T cells can rejoin the majority of dsbs as efficiently as normal cells although A-T cells have a slightly higher residual yield of dsbs than normal cells. They also reported that DNA break rejoining in A-T fibroblast cells was faster than in normal fibroblast cells. Löbrich and co-wokers, 31) using the same method, studied the fidelity of dsbs repair in normal and A-T cells after irradiation and quiescent cell holding and found that the proportion of misrejoined breaks was 50% higher in A-T cells. North and co-workers, 32) using plasmid-based recombination assays, reported that rejoining of dsbs in A-T cells was almost normal, but that the frequency of dsb misrepair was higher due to a process of error-prone recombination. Higher frequencies of misrejoined chromosomes were observed in A-T compared with values obtained from normal fibroblast cells that were irradiated with similar doses. 20, 26) These studies indicate that the efficiency of NHEJ in A-T is almost normal, but that the fidelity is impaired in quiescent G0. The present data adds to these studies by showing that in A-T cells the fidelity through NHEJ is impaired not only in quiescent G0 but also in proliferating G1 phases (Fig. 3) , indicating a PLDR defect in A-T fibroblast cells. In contrast, the normal fibroblast NHEJ repair process is more accurate under quiescent G0 than proliferating G1 conditions, indicating that normal cells can undergo substantial PLDR.
Another important factor affecting cell survivals in normal fibroblast cells may be the existence of a permanent G1 cell cycle arrest. Borgmann and co-workers 33) studied the relationship between residual dsbs, chromosomal damage, and cell inactivation for X-irradiated normal human fibroblasts and reported that up to 50% of the inactivation of Xirradiated normal human fibroblasts is a result of lethal chromosomal aberrations, whereas the remaining 50% is suggested to result from permanent G1 arrest. As shown in Fig.  1 , the G2/M PCC index was clearly lower when AG1522 cells were plated immediately after irradiation compared to indexes for cells plated 24-h following irradiation. This suggests that the relative impact of permanent G1 arrest on cell killing is greater for normal cells plated immediately compared to those that undergo delayed plating. In contrast, for GM02052 cells the G2/M PCC index was similar for immediate and delayed plating, indicating that the lack of the permanent G1 arrest may result in similar survival in A-T cells. The impact of permanent arrest on normal human fibroblast cells can be assessed by comparing the yields of chromosome aberrations in G2 and G1 phases of the cell cycle in normal fibroblast cells that are plated immediately following irradiation, and this study is now underway.
In conclusion, inaccurate chromosome damage repair through NHEJ, which is associated with PLDR, can be one of the mechanisms underlying the hyper-radiosensitivity of both quiescent and proliferating A-T cells. In contrast, inac-curate chromosome repair is reduced when normal cells are held under quiescent conditions compared to normal cells that held under proliferating immediately after radiation exposure and this is the mechanism underlying substantial PLDR in normal cells. Our experimental results suggest that ATM in apart regulates the fidelity of NHEJ, and that repair through NHEJ may be more accurate in G0 cell cycle phase than in G1 phase.
